The rest mass has been determined from measurements of X-ray transitions in pionic atoms, using muonic transitions for the calibration, to be m n -= 139.571 ± 0.010 MeV. A new upper limit for the ^«-neutrino rest mass was deduced: m v <0.78 MeV at 90 per cent confidence.
Introduction
The measurement of the energies of pionic X-rays provides at present the most accurate methode for the determination of the ri~ rest mass. Precise measurements were done by Shafer 1 ' 2 and by Backenstoss et alii 3 ' 4 . Shafer used a crystal spectrometer and Backenstoss et al. applied Ge(Li) detectors Avith radioactive sources for the calibration. Since it is desirable to obtain several independent values of such a fundamental quantity as the rest mass, we performed a new measurement with Ge(Li) detectors. We applied a new calibration method with muonic X-ray lines as the energy standard. Muonic X-ray energies can be calculated for the transitions in question with a precision of a few eV. A mixture of Cd and Y was chosen as target material, because it provides suitable pionic transitions lying between muonic transitions. During the preparation of this publication two new values of the 7i~-rest mass were published 5, 6 with errors of 2.4 keV and 2.1 keV, respectively. The difference between these two new measurements of 6.4 keV indicates that still now additional measurement are necessary. The novel method applied in the present paper provides a really independent new value which, up to now, cannot discriminate between the diverging values 5/ 6 . The method will, however, allow to measure the n mass with very high precision if the experiment is repeated on a modern high-intensity accelerator.
Experiment
The pion and muon beam came from the muon channel of the 600 MeV CERN synchrocyclotron. The experimental set-up is shown in Figure 1 In order to obtain muonic and pionic lines with comparable intensities simultaneously in the spectrum, two special degrader arrangements were applied (Figure 1 ). Muons have a longer range than pions and need more degrader (carbon). Therefore, arrangement A gives more muon concentration at the upper and lower side of the target and more pion concentration at the center, whereas arrangement B enhances the muon rate at the center and the pion rate at the sides. The comparison of the spectra obtained with arrangement A and arrangement B provides an essential check, if the different distributions of pions and muons in the target influence the measured energies of the muonic and pionic X-rays. No effect was observed beyond the statistical error (cf. Section 3).
Two runs were made with collection times of about 12 hours for each run, using arrangement A and B, respectively. Therefore, four spectra were obtained with the two detectors. The spectra are labelled, for instance, I A, which means detector I and arrangement A. The spectrum IA is shown in Figure 2 .
Evaluation and Energy Calibration
The positions of the peaks in the spectra were evaluated by means of a least squares fit computer program. The lines were assumed to have Gaussian shapes. No difference in the line shapes were observed between the pionic and muonic lines. The background was fitted by sections of straight lines. All statistically significant lines and fine structure components were taken into account. Only those lines were included in the calibration which were not disturbed by others. Table 1 gives the positions in channels of the interesting Y and Cd lines in the four measured spectra with the statistical errors (in parenthesis we give the energy values in keV of the pionic lines with the total errors).
Energy calibration was performed with theoretically calculated muonic transition energies. This method avoids same sources of systematic errors which may be present if nuclear gamma rays are used for the calibration. Nuclear gamma rays come either from an external calibration source, or from the target after muon or pion capture. In the first case they have no time correlation to the telescope signal, in the second case they may be delayed. The different coincidence conditions may cause energy shifts. Gamma rays from radioactive sources may reach the detector from different directions and after penetration of a different amount of matter, than do the X-rays from the target. The pulse height from Ge(Li) detectors may depend on the direction of the gamma rays. In our experiment pionic and muonic Xrays have almost the same geometrical origin and the influence of the difference of arrangements A and B 5 and a(aZ) 7 ]. The errors of these terms are generally assumed to be a few eV at most 7 and, as discussed above, tend to cancel. The Lamb shift was calculated according to Erickson 11 and Klarsfeld and Maquet 12 , nuclear polarization according to Ericson and Hiifner 13 and the shift due to the anomalous magnetic moment of the muon according to McKee u . For the treatment of the electron screening see Section 4.
A linear energy calibration was applied with four muonic lines. Figure 3 shows the differences between the calculated energies and the values determined from the line position and adopted linear calibration. The errors bars represent the statistical errors only. This figure shows that no deviation from the linear calibration was observed within the statistical errors. The linearity of the detector was also tested with radioactive sources. A good check of the energy calibration is given by the energy of the 2p-ls muonic X-ray line of 0 which was observed in all four spectra. This line comes from the container and the calibration has to be extrapolated. energy was determined to be 133.512 ± 0.020 keV, in agreement with the value of 133.525 ± 0.015 keV as measured by Dubler et alias 15 .
Determination of the n~ Rest Mass
The TI~ rest mass was determined by comparison of the measured and the calculated pionic transition The transition energies were calculated with a computer code written by Krell and Tauscher [18] [19] [20] which solves the Klein Gordon equation numerically for a potential including contributions due to finite size, vacuum polarization in first order in a Z, strong interaction and electron screening. The parameters of the strong interaction pion-nucleus potential were taken from Tauscher 21 . An error of 10% was assumed for the strong interaction correction. The energies of the two pionic transitions were calculated with the assumed value of 139.570 MeV for the pion rest mass. The energies and all corrections are summarized in Table 2 . The corrections for vacuum polarization, Lamb shift and nuclear polarization were performed as described in Section 3. The pion polarizability was calculated in the approximation of Ericson and Hüfner 13 .
The electron screening as listed in Table 2 was calculated assuming that all K and L electrons are present during the muonic and pionic transitions. New measurements of the muonic cascade 22 in In indicate that about one K electron and four L electrons are present during the muonic 4f -3d and 5g -4f transitions. This would mean that the electron screening corrections have to be reduced by a factor of 2. Since one can assume that this reduction is similar for muons and pions, the n mass values were calculated with full screening for the muonic and pionic transitions. The n mass value without screening was 2.6 keV larger. Hence, assuming 50% screening, one has to add 1.3 keV to the n mass value calculated with full screening. The estimated screening error of 1 keV may be neglected compared to the final error of lOkeV. The rest mass derived from the transitions in Y and Cd is:
139.575 ± 0.020 MeV from the 4f -3d transition in Y and 139.569 ±0.012 MeV from the 5g-4f transition in Cd.
The averaged value of this experiment is 139.571 ±0.010 MeV.
The error was determined from the uncorrelated experimental errors and the correlated errors of the evaluation procedure and the calibration method.
The value of this experiment together with previous results and a new averaged value of all measurements is given in Table 3 . One has to keep in mind 7 for the conversion of the pionic X-ray energy to the pion mass added to the purely experimental error of 1.7 keV given in Ref. 5 .
that the errors of the different experiments are correlated to some extent by using the same fundamental constants and similar correction terms.
The //-Neutrino Rest Mass
An upper limit of the //-neutrino rest mass m r was calculated 24 with the averaged value of the tT mass from all direct measurement ( 
